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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Serum concentrations of rituximab influence

its clinical efficacy in follicular lymphoma
(FL), but its concentration–effect
relationship has not been described by
pharmacokinetic–pharmacodynamic
(PK–PD) modelling.

• The genetic polymorphism of FCGR3A
influences rituximab efficacy and its in vitro
concentration–effect relationship.

• Increasing rituximab dose and/or number of
infusions may lead to a better clinical
response in FL.

WHAT THIS PAPER ADDS
• This study is the first to describe the

concentration–effect relationship of
rituximab in populations of FL patients.

• This PK–PD model relates progression-free
survival with rituximab concentrations and
takes into account the influence of FCGR3A
polymorphism.

• Clinical trials testing new dosing regimens
of rituximab can be designed using this
PK–PD model.

AIM
Rituximab has dramatically improved the survival of patients with
non-Hodgkin’s lymphomas (NHL), but the dosing regimen currently used
should be optimized. However, the concentration–effect relationship of
rituximab has never been described by pharmacokinetic–pharmacodynamic
(PK–PD) modelling, precluding the simulation of new dosing regimens. The aim
of this study was to develop a PK–PD model of rituximab in relapsed/resistant
follicular NHL (FL).

METHODS
A model describing the relationship between rituximab concentrations and
progression-free survival (PFS) was developed using data extracted from the
pivotal study, which evaluated 151 relapsed/resistant FL patients. The influence
of FCGR3A genetic polymorphism on the efficacy of rituximab was quantified
using data from 87 relapsed/resistant FL patients. The predictive performance of
the model was analysed using two independent datasets: a study that evaluated
rituximab combined with chemotherapy [rituximab, cyclophosphamide,
vincristine, adriamycin and prednisone (R-CHOP)] in 334 relapsed/resistant FL
patients and a study that evaluated rituximab monotherapy in 47 asymptomatic
FL patients with known FCGR3A genotype.

RESULTS
For R-CHOP, observed and model-predicted PFS (90% confidence interval) at 24
months were 0.50 and 0.48 (0.40, 0.56), respectively, for the observation arm, and
0.62 and 0.59 (0.50, 0.65), respectively, for the rituximab maintenance arm. For
rituximab monotherapy, observed and predicted PFS at 24 months were 0.67
and 0.63, respectively, for FCGR3A-V/V patients, and 0.41 and 0.36 (0.25, 0.49),
respectively, for FCGR3A-F carriers.

CONCLUSIONS
Our model provides a satisfactory prediction of PFS at 24 months. It can be used
to simulate new dosing regimens of rituximab in populations of FL patients and
should improve the design of future clinical trials.
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Introduction

Rituximab (MabThera®, Rituxan®) is a chimeric monoclonal
antibody directed against CD20 antigen expressed by
most B cells. It has dramatically improved the survival of
patients affected by B-lymphoproliferative disorders and is
currently approved for follicular lymphoma (FL), diffuse
large B-cell lymphomas, chronic lymphocytic leukaemia, as
well as for certain autoimmune diseases (immune cytope-
nia and rheumatoid arthritis).

In early dose-escalation studies of rituximab as a
single agent, no relationship was found between concen-
tration and efficacy or concentration and toxicity [1, 2]. In
chronic lymphocytic disease, a dose-escalation trial has
tested rituximab doses ranging from 375 to 2250 mg m-2,
the highest dose giving the highest response rate.
However, these studies included a small number of
patients and no convincing rituximab dose-ranging study
has been published yet. In FL, the original dosing regimen
of rituximab was 375 mg m-2 week-1 for 4 weeks, this dose
being based mainly on practical and empirical consider-
ations [3]. Later, several alternative dosing regimens were
proposed in relapsed FL, with an increase in the number
of rituximab infusions [4–6]. Since both rituximab and
chemotherapy [notably cyclophosphamide, vincristine,
adriamycin and prednisone (CHOP)] are effective, with
complementary mechanisms of action and nonsynergis-
tic toxicities [7], their association was tested. The first ran-
domized trial comparing CHOP with or without rituximab
(R-CHOP) in diffuse large B-cell lymphoma showed the
superiority of R-CHOP in terms of duration of response. In
FL, several randomized trials have shown that the combi-
nation of rituximab and chemotherapy dramatically
increases both objective response and survival compared
with chemotherapy alone [8, 9]. Furthermore, rituximab
maintenance after induction with either rituximab alone
[10–12] or rituximab combined with chemotherapy [13,
14] increases survival in relapsed FL. Overall, the available
data suggest that an increase in rituximab dose and/or
number of infusions may lead to better response rate and
longer response duration, but they do not provide the
quantitative information needed to optimize rituximab
dose and/or dosing schedule.

As observed for other therapeutic monoclonal anti-
bodies, a given mg m-2 dose of rituximab leads to a large
range of rituximab serum concentrations in patients [2,
15, 16] and a large interindividual variability in clinical
response is observed [17, 18].This variability in therapeutic
effect is indeed partly explained by rituximab pharmaco-
kinetic variability [11, 15, 17, 19] because a low exposure
to rituximab is associated with progressive disease [15, 17]
and a shorter time to progression [19]. Several other
factors have been suggested to influence rituximab effi-
cacy, including tumour burden, level of CD20 expression
[15, 17], and FCGR3A genetic polymorphism [20–22]. The
FCGR3A gene encodes FcgRIIIa, a receptor of the Fc portion

of immunoglobulin G (IgG) expressed by both macroph-
ages and natural killer cells. This gene presents a biallelic
polymorphism generating a FcgRIIIa-158 V (valine) or
FcgRIIIa-158F (phenylalanine) allotype, the affinity for
human IgG1 Fc portion being higher for the V allotype
than for the F allotype [23, 24]. Cartron et al. [20] have
shown that homozygous VV FL patients have a higher
probability of response to rituximab than F carriers (Fx),
a difference confirmed by others [21, 22]. In addition,
Ghielmini et al. [21] showed that VV genotype is associated
with a better event-free survival. However, the potential
interest of adjusting rituximab dose according to FCGR3A
genotype has never been investigated.

Clinical trial simulation may be used to explore the
interest of such an individualized dose. This technique
requires a relevant description of the concentration–
effect relationship of rituximab using pharmacokinetic–
pharmacodynamic (PK–PD) modelling. No such model has
been reported and the necessary information is sparse and
scattered in the literature.The aim of the present study was
to design a PK–PD model, based on data available in the
literature and able to simulate the efficacy of rituximab in
two common therapeutic settings: R-CHOP treatment, i.e.
symptomatic, relapsed or resistant FL, where rituximab
is combined with CHOP chemotherapy; and rituximab
monotherapy, i.e. asymptomatic and FL with low tumour
bulk, where rituximab is administered alone.

Methods

No published study contains all the data necessary to
design a PK–PD model of rituximab effect in FL. Data from
several studies were therefore combined after verification
of their compatibility. However, because data were sparse
and heterogeneous within and across studies, several
assumptions had to be made to allow model building.Both
model building and the validation process are summarized
in Figure 1.

Data
Rituximab pharmacokinetics has been described in a few
publications [16, 25, 26]. Because no biological marker
of rituximab efficacy, measurable over time, has been
described in FL, its pharmacodynamics can only be based
on clinical end-points [8, 10, 12–14, 17, 20, 27, 28], i.e. objec-
tive response, progression-free survival (PFS), event-free
survival (EFS) or overall survival (OS). EFS takes into
account therapeutic failures and deaths of any origin in
responders. PFS is an accurate end-point to describe long-
term survival because, contrary to OS or EFS, it accounts for
all assessable patients, and death related to disease or
treatment [29]. In addition, PFS is the end-point most often
reported in studies of rituximab in FL. Thus, we designed a
PK–PD model linking rituximab serum concentrations with
PFS.
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The ideal source of data would report both rituximab
pharmacokinetics and PFS data, for both R-CHOP and rit-
uximab monotherapy conditions, as well as the influence
of FCGR3A genotype on PFS. No such publication is avail-
able. Both pharmacokinetic and PFS data of the pivotal
study were reported [15, 17] (study A, Table 1), but FCGR3A
status was not studied. Thus, to quantify the influence of

FCGR3A genotype, we looked for a study in which the
population and the treatment by rituximab were similar to
those of the pivotal study, and in which PFS was reported.
These conditions were fulfilled by the report of Weng et al.
[22] (study B, Table 1). To validate our model and to test its
predictive performance in R-CHOP and rituximab mono-
therapy conditions, we used independent datasets.

Data

Model

Validation

Ng, 2005
– VV, Fx

Berinstein,
1998
(study A)

McLaughlin,
1998
(study A)

Weng,
2004
(study B)

van Oers,
2006
(study C)

Cartron,
2002 
(study D)

Population PK
parameters

Median
concentrations
– All patients
– Responders

PFS
– All patients
– Responders

PFS
– VV, Fx

PFS
– CHOP
– R-CHOP + obs
– R-CHOP + maint

Individual
TTP
–  VV, Fx

Estimation
– Median PK parameters
– 2 compartment model

Estimation
– lmax,
Cm50, g

Estimation
– Cm50, VV, Cm50, Fx
– gVV, gFx

Internal validation
– Study A
– Study B

External validation
–Estimation of lmax
– Study C
–Study B : alteration of gVV

C: PFS(t) [IC90] : 
– C :    – R-CHOP + obs.
           – R-CHOP + maint.
– D : VV, Fx

Analysis of sensitivity
– Study A : alteration of lmax,
IIV(Cm50), gVV
– Study B : alteration of gVV

PFS(M24) [IC90]
– A :  All patients
– B :  VV, Fx

PFS(t) [IC90]
– A :  All patients
– B :  VV, Fx

Time-to-event model

Time-to-event simulation model

PFS graphical extraction

Figure 1
Flow chart of the study.The study consists of three steps: obtaining data, model building and validation steps. Abbreviations are explained within in the text
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R-CHOP condition was studied by van Oers et al. [14]
(study C). In this study, PFS is reported for patients treated
by R-CHOP with or without rituximab maintenance
(Table 1). Rituximab monotherapy condition was studied
by Cartron et al. [20] (study D), where PFS is reported for
both VV and Fx patients (Table 1).

To verify that our model was able to describe R-CHOP
and rituximab monotherapy conditions, we simulated the
results of the‘R-CHOP without maintenance’arm of study C
and those of study D.To analyse the relevance of our quan-
tification of the influence of FCGR3A genotype, we simu-
lated the results in VV and Fx patients of study D.To analyse
the ability of the model to describe rituximab mainte-
nance, we simulated the results of the ‘R-CHOP with main-
tenance’ arm of study C. Because individual times to
progression (TTP) of studies A, B and C were not reported,
PFS data of these studies were extracted from the figures
of the publications.

Data extraction The charts displaying PFS were digitalized,
and TTP and probabilities of progression were determined
using Engauge digitizer (freeware under GNU license).Such
an approach has been used previously by other authors
[30]. Good precision was required especially for study A,
which was used to build the model. PFS curves of other
studies were used only for visual check of model accuracy.In
study B, since PFS following R-CHOP with or without ritux-
imab maintenance was reported only for initial responders,
PFS was recalculated to take into account all treated
patients, considering that initial nonresponders were in
progression. Individual data of study D were used.

To determine the horizontal (probability), the thickest
part of the curve was selected, which led to the maximum
error. At this part the coordinates of each edge of the curve
were determined, which gave lower and upper values
for probability. The interval delimited by lower and upper

values was divided by the total range of values (i.e. for
probability, the total range is 0–1). This resulted in an error
in percentage. The same procedure was applied to deter-
mine the error in event occurrence.

Pharmacokinetic model
In the report of the pivotal study [15, 17], median pharma-
cokinetic profiles of the whole population as well as those
of responders and nonresponders are given.These concen-
trations were described using a two-compartment model
with first-order transfer constants, a model previously used
to describe rituximab pharmacokinetics [16, 25, 26]. For all
patients and responders of study A, central and peripheral
volumes of distribution (Vc and Vp, respectively), and sys-
temic and distribution clearances (respectively CLc and
CLd) were estimated. Using the pharmacokinetic param-
eters of rituximab obtained from study A, the pharmacoki-
netics was computed for overall and responder patients
using Winnonlin Professional 4.1 (Pharsight Corp., Moun-
tain View, CA, USA) [31].The performance of the model was
evaluated using standard errors of parameter estimates
and by visual inspection of observed and predicted con-
centrations vs. time.

Time-to-event model
A parametric time-to-event (TTE) model was used to
describe PFS. Exponential and Weibull hazard models were
tested. Both led to a satisfactory description of PFS data,
but the Weibull model led to incoherent results, e.g. a
decrease of PFS with time. Therefore, the exponential
model was used:

PFS t t( ) = − ⋅( )exp λ (1)

where l (month-1) is the hazard function and t is time. For
a given value of time to progression (TTPX), a hazard value
lX can be calculated from (1) by lX = ln(2)/TTPX. Since the

Table 1
Summary of the characteristics of studies used for the simulation

Study Clinical situation Treatment Dosing regimen of rituximab

Number of
assessable
subjects

Availability of
FCGR3A status Reported PFS

Pivotal, 1998
(study A) [15, 17]

Relapsed/resistant FL
(80%), CLL
(18%), other (2%)

Rituximab 4 ¥ 375 mg m-2 week-1 151 No PFS of overall population and
responders

Weng et al. 2004
(Study B) [22]

Relapsed/resistant FL Rituximab 4 ¥ 375 mg m-2 week-1 87 Yes PFS of V V, VF, FF and F-carrier
subgroups

van Oers et al.
2006 (Study C)
[14]

Relapsed/resistant FL CHOP or R-CHOP 8 ¥ 375 mg m-2 every 21 days
with or without 375 mg m-2

maintenance at least every
3 months

465 No PFS of CHOP and R-CHOP with or
without rituximab maintenance

Cartron et al. 2002
(Study D) [20]

First-line FL Rituximab 4 ¥ 375 mg m-2 week-1 49 Yes PFS of V V and F-carrier patients
subgroups

CHOP, cyclophosphamide, vincristine, adriamycin, prednisone; CLL, chronic lymphocytic leukaemia; F, 158-phenylalanine allele; FL, follicular non-Hodgkin’s lymphoma; PFS,
progression-free survival; V, 158-valine allele.
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literature provides median data only, the model was
designed to describe a hazard function. Our initial ap-
proach was to relate hazard to rituximab concentration.
However, estimated pharmacodynamic parameters were
unrealistic. Therefore, concentration was replaced by
mean-time concentration, defined as follows:

Cm
AUC

t t

C d

t t
t t

t t

n

t

t

n
n

n n
−

−=
−

=
( )

−
∫ τ τ

(2)

where tn is the time of the nth rituximab infusion such as
t > tn,Cmtn-t is the mean-time concentration between tn and
t, and AUCtn-t is the area under the concentration vs. time
curve between tn and t.Mean-time concentration increases
and decreases with C, but Cm is higher than C when C
decreases with time, i.e. except during infusions. Mean-
time concentration was calculated over all the follow-up of
the studies, using pharmacokinetic parameters estimated
from study A. The hazard function was:

λ λ
γ

γ γ= ⋅ −
+

⎛
⎝⎜

⎞
⎠⎟max 1

50

Cm

Cm Cm
(3)

where lmax is the maximum value of median hazard, i.e. that
of patients not in progression in whom rituximab is not
given or no more active, Cm50 is the Cm value which leads
to 50% decrease of lmax and g is a shape factor.We assumed
that Cm50 and g were the same for all FL, whereas the value
of lmax varied with severity grade or concomitant treat-
ment, and had therefore to be determined from the results
of each study.

Parameter determination Lambda max. Since lmax is
expected to vary with severity grade or concomitant treat-
ment, this parameter had to be determined in each thera-
peutic condition. Because in FL the therapeutic benefit
of rituximab and chemotherapy are considered to be
additive [7], lmax should be equal to the value of l for

patients treated by chemotherapy alone (lCT), hence
lmax = lCT. In study C, median TTP for the ‘chemotherapy
alone’ arm was 14 months and therefore lmax = lCT =
0.050 month-1 (Table 2).When rituximab is given alone,lmax

had to be determined indirectly. If the effects of rituximab
and chemotherapy are independent, the hazard ratio of
chemotherapy alone vs. chemotherapy combined with
rituximab (HRCT/RTX-CT) should be equal to the hazard ratio
of no treatment vs. rituximab alone. Therefore, lmax = lRTX ¥
HRCT/RTX-CT, where lRTX is the value of lmax when rituximab is
given alone. The value of HRCT/RTX-CT was determined using
the Marcus et al. study, in which the efficacy of cyclophos-
phamide, vincristine, prednisone (CVP) was compared with
that of CVP + rituximab in relapsed FL [28]. In this study,
median TTP were 15 and 32 months for chemotherapy
alone and for chemotherapy + rituximab, respectively. Cor-
responding hazards were therefore lCT = 0.046 month-1

and lRTX-CT = 0.022 month-1, giving a value of HRCT/RTX-CT

equal to 0.046/0.022 = 2.1. In study A, median TTP of the
overall population was 9.0 months, lRTX = 0.077 month-1

and lmax = 0.077 ¥ 2.1 = 0.16 months-1 (Table 2). The value
of lmax could not be calculated from study B,because results
were not given of the overall group. However, because
the patients of this study were relapsed/resistant FL, we
selected the same value of lmax (0.16 month-1) as
in study A. In study D, the analysis of individual data
gave median TTP = 22 months, lRTX = 0.032 month-1 and
lmax = 0.067 month-1 (Table 2).

Cm50 and g Once the value of lmax was determined, Cm50

and g were estimated for the overall group (Cm50,O and gO,
respectively) and for responders (Cm50,R and gR, respec-
tively), using the data of study A (Table 2), with the help of
Winnonlin professional 4.1. The performance of the model
was evaluated using standard errors of parameter esti-
mates and by visual inspection of observed and predicted
concentrations vs. time.

Table 2
Parameters of the relationship between rituximab mean-concentration and progression-free survival

Parameter Significance Method

Value in study:

Pivotal [15, 17] (A) Weng [22] (B)
van
Oers [14] (C)

Cartron
[20] (D)

lmax (month-1) l in absence of RTX or CT Fixed for each study 0.16 0.16 0.050 0.067
Cm50,O (mg l-1) Cm50 in overall population Estimated in A, reported in studies B, C and D 35.1(2.2)* – – –

Cm50,R (mg l-1) Cm50 in responders 18.0(0.87)* – – –
Cm50,V V (mg l-1) Cm50 in V V patients Calculated from study B (HRFx/V V) and Cm50,O 7.8 7.8 7.8 7.8

Cm50,Fx (mg l-1) Cm50 in Fx patients 78.9 78.9 78.9 78.9
gO g in overall population Estimated in A, reported in studies B, C and D 0.48(0.052)* – – –

gR g in responders 1.5(0.11)* – – –
gV V g in V V patients Fixed 2.0 2.0 2.0 2.0

gFx g in Fx patients 0.48 0.5 0.5 0.5

*In study A, for estimated parameters, results are presented as: estimation (standard deviation). CT, chemotherapy; Cm50, mean-time concentrations leading to 50% of the maximum
hazard; g, shape factor; l, hazard; RTX, rituximab.
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Influence of FCGR3A genotype Because insufficient infor-
mation was available to estimate the value of g for VV and
Fx patients (gV V and gFx, respectively), these parameters
were fixed as follows. In study A, estimated gR was thrice the
value of gO, suggesting an increase of g with response
(Table 2). The proportion of VV and Fx patients in the
pivotal study is unknown, but the proportion of VV
patients should be higher in responders than in the whole
group of patients. Therefore, gV V should be > gFx because
FCGR3A polymorphism leads to differences in rituximab
efficacy [20–22]. Because F carriers nevertheless respond
to rituximab, the proportion of VV in responders of the
pivotal study should be <100%, gV V should be >gR (i.e.
gV V > 1.5, Table 2). This unknown (but >1.5) value was fixed
to 2.0 (Table 2). Since around 85% of individuals are Fx [32],
we considered that gFx .5 gO = 0.5 (Table 2).

Because FCGR3A is not a prognostic factor in non-
Hodgkin’s lymphomas (NHL) [33], lmax should not be influ-
enced by FCGR3A genotype. The influence of FCGR3A
genotype on rituximab efficacy was quantified by different
values of Cm50 and g in VV (Cm50,V V and gV V, respectively) and
Fx patients (Cm50,Fx and gFx, respectively).

The values of Cm50 for VV and Fx patients (Cm50,V V and
Cm50,Fx, respectively) were calculated from the value of
Cm50,O and the results of study B as follows. In this study, the
PFS of VV and Fx subjects at 24 months (M24) were 0.45
and 0.14, respectively. The corresponding hazards were
0.082 month-1 and 0.033 month-1, Fx/VV hazard ratio
(HRFx/V V) being therefore 2.5. In study A, the estimated
hazard at M24 ( λ̂M24 ) was 0.08.The M24 hazards for Fx and
VV patients in this study were deduced from λ̂M24 and
HRFx/V V as follows:

λ λFx M M Fx V VHR,
.

24 24
1 0 85= × −ˆ (4)

λ λV V M M Fx V VHR,
.

24 24
1 0 15= −ˆ (5)

where lFx,M24 and lV V,M24 are the hazard values at M24 of Fx
and VV patients, respectively, and 0.85 and 0.15 are propor-
tions of Fx and VV subjects in the general population,
respectively [32]. The values of Cm50,Fx and Cm50,V V were
calculated by transferring gFc, gV V, lFx,M24 and lV V,M24 values in
Equation 3.

Simulation process
The population of simulated patients was built using dis-
tributions of body surface area (BSA), sex and FCGR3A
genotype as follows. BSA was assumed to be normally dis-
tributed with a mean of 1.7 m2 and a standard deviation of
0.2, values that characterize a standard population.The sex
ratio, which is variable among trials of rituximab in FL, was
fixed to 1. Genotype proportions of 15% and 85% were
used for VV and Fx [32], respectively.

We used the population pharmacokinetic parameters
reported by Ng et al. [16]: a two-compartment model with
first-order constants and a log-normal distribution for

central volume of distribution and systemic clearance (VC

and CLC, respectively) with an influence of BSA and sex on
both VC and CLC. A mixed (additive and proportional) dis-
tribution was used as residual error model.

PFS was described by a TTP model based on Equation 1
with a hazard function defined by Equation 3. The interin-
dividual variability of Cm50 being unknown, its random
effects (h) were assumed to be log-normally distributed
with mean = 0 and standard deviation wCm50 = 50%.

Simulations were carried out using Trial Simulator II 2.1
(Pharsight Corp.) [34].

Internal validation
Evaluation of the simulation process The results of studies
A and B (Table 1) were simulated. For a given trial with n
assessable patients, n patients were generated and 500
complete trials were stochastically simulated. The TTE
model was validated using visual predictive checks (VPC)
[35, 36], which consisted in predicting the PFS profiles in
500 simulated replications of each study. The observed
probabilities of progression were compared with the 90%
confidence interval (CI), delimited by the 5–95% interper-
centile range of simulated probabilities computed from
the 500 simulated replicates of the dataset. The aim of
these VPC was to evaluate the ability of the model to
describe PFS in studies A and B.

Sensitivity analysis A sensitivity analysis was performed
for parameters given fixed values, i.e. wCm50, lmax and gV V. For
each of them a low and a high value were chosen, and for
each analysis 500 simulations of the n assessable patients
were made. The lowest tested value of lmax was
0.077 month-1, which is the value of hazard corresponding
to a PFS = 0.5 in study A; the highest tested value was
0.30 month-1, which is twice the lmax in study A.The lowest
tested value of wCm50 was 10% and the highest tested value
was 150%.The lowest tested value of gV V was the estimated
value, i.e. gV V = 0.48 (Table 2) and the highest tested value
was 8.0. Sensitivity analysis for lmax and Cm50 was per-
formed by simulating study A and sensitivity analysis for
gV V was performed by simulating studies A and C. The
observed PFS at 20 and 24 months in studies A and B,
respectively, were compared with estimated 90% CI.

External validation
The predictive performance of the TTE model were tested
using independent datasets, i.e. studies C and D, in which
PFS was reported. The model was tested as described, by
simulating these two studies C and D (Table 1).

Results

Precision of data extraction
The precision of PFS data extraction was accurate for study
A (error <0.5%).The intervals were larger in studies B and C

D. Ternant et al.
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(0.5% < error < 1.5%).This is due to the fact that the graphs
of these publications are small and with a longer duration
of follow-up.

Model fitting results
The median pharmacokinetic data reported by Berinstein
et al. [15] were satisfactorily described by the two-
compartment model (Figure 2A). For the whole group of
patients, estimated median parameters were Vc = 2.4 l,
CLc = 0.0083 l h-1, Vp = 3.7 l and CLd = 0.022 l h-1, and for
responders, estimated median parameters were Vc = 2.3 l,
CLc = 0.0073 l h-1, Vp = 3.6 l and CLd = 0.023 l h-1.

The Weibull model was better than the exponential
model in terms of Akaike’s information criterion (respec-
tively -171.2 vs. -151.7) and in terms of residual sum of
squares (respectively 0.024 vs. 0.025). However, the esti-
mated Weibull factor was <1. This may be interpreted as a
decrease in risk with time, which is not relevant for FL.
Therefore we rejected the Weibull model, not because this
is the wrong model, but because it may be a non-
identifiable model. The PFS of all patients and responders
from study A were satisfactorily described by the TTE
model (Figure 2B,Table 2).The values of Cm50,Fx and Cm50,V V

were 7.8 and 78.9 mg l-1, respectively (Figure 2C, Table 2).

Internal validation of the model
Evaluation of the simulation process The simulation TTE
model described PFS of study A satisfactorily (Figure 3A,
Tables 2 and 3). In study B, the PFS was slightly overesti-
mated, probably because the value of lmax could not be
devised from the data of this study.

Sensitivity analysis A high value of wCm50 led to overesti-
mation of PFS (Figure 4A). PFS was very sensitive to lmax

value, but the result of this analysis suggests that the
selected values of lmax are correct. PFS was not sensitive to
gV V value. However, the result of the sensitivity analysis
using study C suggests that the hypothesis of gV V > gR in
study A, i.e. gV V = 2.0, was correct (Figure 4B).

External validation
The performance of the model in predicting the PFS for
R-CHOP and rituximab monotherapy was satisfactory up
to 30 months (Figure 3C1,C2,D). After this point, the PFS was
underpredicted by the model. This suggests that the
model is valid up to 30 months. To be conservative, the
model was considered to be valid up to 24 months.

Discussion

Recent attempts at improving the efficacy of rituximab
[4–6, 10–14] emphasize the need for better knowledge of
its concentration–effect relationship before testing new
dosing regimens. The present work aimed at developing a
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PK–PD model of rituximab in FL.This model was built using
median pharmacokinetic profiles from the pivotal study
[15, 17], a population pharmacokinetic model [16], and
graphically extracted data from several studies. The inac-
curacy of data extraction was small (<1.5%) and for study
A, which was used to design the model and to estimate the
PD parameters, it was even smaller (<0.5%) for both TTP
and PFS.

The pharmacokinetic model was built according to
current knowledge on rituximab pharmacokinetics. To
simulate rituximab concentrations, we used the param-
eters reported by Ng et al. in rheumatoid arthritis patients
[16]. This is acceptable because the parameters that we
have estimated using the results of the pivotal study are
similar to typical values reported by Ng et al. (data not
shown). Even if rituximab clearance was shown to be
influenced by the tumour bulk in mice [37], this influence
has never been established in patients [26, 38] and there-
fore could not be accounted for in our model. The use of
mean-time concentration (Cm) instead of concentration

in the PK–PD model gave satisfactory results. This is an
empirical independent variable that allows one to take
into account the persistence of the effect of anterior
doses, and the reversibility of this effect with time. We
also tested the addition of an effect-compartment model
to predict the results of the pivotal study, but rate con-
stant of the effect-compartment could not be estimated
in the other studies.

Our model was validated in relapsed/resistant FL
patients treated by rituximab alone and provided a satis-
factory prediction of PFS. The influence of FCGR3A poly-
morphism was well accounted for by using the data of
studies A and B. Some patients of these studies were
affected by other B-cell malignancies (Table 1) but they
constituted a small proportion of the patients (<20%).

The satisfactory description of studies C and D showed
that our model is able to predict the PFS accurately up to
24 months, both for R-CHOP (symptomatic, relapsed or
resistant FL treated by rituximab combined with chemo-
therapy), and for rituximab monotherapy as first line (i.e.

Table 3
Comparison of observed and predicted TTP and PFS at 24 months

Study Condition
Observed median
TTP (months)*

Predicted median
TTP (months)†

Observed PFS
at 24 months*

Predicted PFS at
24 months†

Pivotal [15, 17] (A) All patients 9.0 8.6 (7.1, 10.1) – –
Weng [22] (B) Fx 5.6 7.6 (5.7, 10.4) 0.17 0.081 (0.024, 0.17)

V V 17.8 19.2 (11.7, 30.0) 0.45 0.40 (0.20, 0.61)
Van Oers [14] (C) R-CHOP + observation 21.6 21.1 (18.9, 27.7) 0.50 0.48 (0.40, 0.56)

R-CHOP + maintenance 58.3 31.7 (25.4, 39.1) 0.61 0.59 (0.50, 0.65)
Cartron [20] (D) Fx 16.4 17.1 (12.1, 23.3) 0.41 0.36 (0.25, 0.49)

V V‡ >37.5 (not reached) 37.1 0.67 0.63

Data are presented as *median and †median (90% CI). ‡For V V patients, median TTP was not reached at the end of the follow-up. Because of a small number of subjects, 90%
CI was too large to be displayed. TTP, times to progression; PFS, progression-free survival; R-CHOP, rituximab, cyclophosphamide, vincristine, adriamycin and prednisone.

0.6
PFS
A

B
PFS

0.5

0.4

0.3

0.2

0.1

w2
cm50

0
10% 50% 150% 0.07 0.164 0.30 0.48 2.0 8.0

0.6

0.5

0.4

0.3

0.2

0.1

0
0.48 2.0 8.0

lmax gVV gVV

Figure 4
Sensitivity analysis for fixed parameters. Sensitivity analysis of fixed parameters wCm50 (%), lmax (month-1) and gV V in study A (A) and B (B). The meaning of
these parameters is described in the text. This analysis was made with data of study A for wCm50 and lmax and with data of study A and B for gV V. For each
parameter, 500 simulations were made for each value of parameters. The 5th, 50th and 95th percentiles of progression-free survival (PFS) predictions are
displayed at 20 months for study A and at 24 months for study B. The observed value at this time is displayed as dashed lines

A drug–disease model for rituximab in non-Hodgkin’s lymphoma

Br J Clin Pharmacol / 68:4 / 569



asymptomatic FL with low tumour bulk). For studies C and
D, PFS was underestimated after a certain time of follow-
up. This may be due to the fact that the effect of mainte-
nance treatment is probably stronger in initial responders
than in the overall patients (Figure 1C2), and/or to the exist-
ence of long-lasting remissions, a phenomenon that our
model is unable to account for (Figure 1C2,D).

Our PK–PD model was based on several assumptions,
and therefore has limitations. The value of lmax was influ-
enced by the severity of the disease and concomitant
treatment (i.e. anticancer chemotherapy). This parameter
was determined for each of the four studies, under the
assumption of an independence of rituximab and chemo-
therapy effects. Despite the sensitivity of estimated PFS to
the value of lmax, our results suggest that lmax values were
relevant. Therefore, our model is applicable in situations
similar to those of studies A, B, C (R-CHOP treatment) and D
(rituximab monotherapy).

• Mean value and distribution of Cm50 were supposed to be
independent of pathophysiological condition and con-
comitant treatment. This hypothesis is based on the facts
that all studied diseases have the same histological origin
(i.e. follicular) and that studied patients had never been
treated by rituximab before inclusion. In addition, wCm50

was fixed to 50%. This value was hardly predictable, since
interindividual variability in rituximab pharmacodynam-
ics is high, the known factors of variability explaining only
part of it.The sensitivity analysis confirmed that this value
was relevant.

• The quantitative influence of FCGR3A polymorphism was
assessed indirectly, because it does not influence lmax

[33]. Our approach was shown to be relevant in studies B
and D, but no data were available to test its relevance
during the association of rituximab and chemotherapy or
in rituximab maintenance. However, simulation of the
effect of rituximab maintenance in asymptomatic FL led
to PFS profiles similar to EFS profiles displayed in Figure 2
of the publication of Ghielmini et al. [21]. The sensitivity
analysis showed that the influence of gV V on PFS was
limited.

• Data were sparse, and heterogeneous within and
between studies. First, relapsed and resistant NHL were
taken together because no data on each type separately
were available. Second, some factors could not be taken
into account in the model, e.g. tumour bulk, stage of
disease, previous anticancer treatments or other prog-
nostic factors, such as the Follicular Lymphoma Interna-
tional Prognostic Index [39]. However, even if these
factors were shown to influence the rituximab dose–
concentration effect relationship in early studies [15, 17],
their real influence would remain controversial [40].
Therefore, our model should be applied only in situa-
tions for its building and its validation, i.e. in asymptom-
atic FL with low tumour bulk treated by rituximab alone,
and in relapsed/resistant FL treated by R-CHOP. The vari-
ability in disease stages or tumour bulk should at least
be partly described by the interindividual variability of
Cm50.

• Since no data were available to validate the model for
higher doses than 375 mg m-2, the results of this model
for higher doses should be considered with caution. Par-
ticularly, no maximum inhibition of lmax could be esti-
mated. Our model implies that l becomes null when Cm
tends to infinity and therefore that it could lead to PFS
overestimation.

Despite these limitations, our model is the first to
describe the concentration–effect relationship of ritux-
imab in FL. It allows testing dosage alterations while taking
into account the FCGR3A genotype in populations of
patients similar to those studied here.

Our model is the first to be developed and validated
using data from the literature. Our approach (Figure 1) may
be adapted for other drugs when no PK–PD model has
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been described, provided that published data are suffi-
cient. Particularly, our model may be an interesting
approach to describe the efficacy of other anticancer
monoclonal antibodies or of other anticancer drugs, when
pharmacokinetic and survival data are available.

Our model has shown its ability to simulate PFS of VV
and Fx patients treated by rituximab up to 24 months in
asymptomatic and symptomatic, relapsed or resistant FL.
This may allow the simulation of different dosing regimens
of rituximab, the comparison of their results, and the
design of new clinical trials in populations of FL patients
similar to those studied by Cartron and van Oers. As an
example, Figure 5 shows the result of the simulation of
different dosing regimens of rituximab in asymptomatic FL
with low tumour bulk.Predicted PFS at 24 months is higher
for larger doses of rituximab, when a maintenance treat-
ment is given, and for VV patients. We are currently simu-
lating the results of other rituximab dosing regimens in
both FCGR3A genotypes as a basis for the design of clinical
trials aimed at improving rituximab efficacy.
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